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I. INTRODUCTION

Since the original charge-control model for the I-V characteristics of

modulation doped field-effect transistors (MODFETs) was developed, I a

number of models have been proposed. 2- 11 In most of these models the

density of unintentional acceptor doping, which results as a by-product of

the molecular beam epitaxy (MBE) growth process, is ignored when one

calculates the electrical characteristics of the device. None of the

models includes a precise description of the threshold voltage in MODFET

structures; rather, the models all cite Voff, which is usually considered

to be independent of unintentional acceptor doping, as an estimate of the

threshold voltage.

In the discussion that follows, we show (1) that the threshold voltage

may be defined in the strong-inversion, depletion layer approximation, and

(2) that the density of unintentional acceptor doping plays an important

role in determining this voltage.
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II. STRONG-INVERSION MODEL

The band structure of a typical AlGaAs(n)/GaAs heterojunction with a

Schottky barrier at the gate and a spacer layer at the interface under bias

is shown in Fig. 1. In most charge-control models, the AlGaAs layer is

assumed to be totally depleted during operation I-3,7,9,10,11 and

unintentional acceptor doping in both the AlGaAs and the GaAs layer is

ignored. Even in the more complicated descriptions, in which the

incomplete ionization of the AlGaAs is included, unintentional acceptor

doping is usually ignored altogether4'5 t7 ,8 or is included only in the GaAs

layer. 6 First, we will concern ourselves with the net doping density in

each of the regions of the band structure shown in Fig. 1.

A. CHARGE DENSITIES AT THRESHOLD

In the following discussion we assume that all the unintentional

acceptors Na and all the AlGaAs donors are ionized. In the doped AlGaAs

layer the charge density is given by

Pd = q(Nd - Na) (1)

where q is the elemental charge, Nd is the donor concentration in the doped

AlGaAs layer, and Na is the unintentional acceptor doping density

throughout the structure.

In the spacer layer a, the charge density is due to the unintentional

acceptor doping density; i.e.,

Pa 2 -qNa (2)

The region from the interface (d + a) to the edge of the depletion

layer (W + d + a) has the following charge density:

Pw(Z) - q[N a + n(z)] (3)

7



AIGaAs GaAs

Om Ec

+ Eg/2 + ObulkI

-Vg-

Nd  + Ef

- _Na

Fig. 1. The Band Diagram of a Typical AlGaAs/GaAs MOUFiT with Schottky
Gate, under Bias V at Threshold. At threshold the AlGaAs
donors N and unin~entional acceptors Na are assumed to be
completely ionized. The charge density in the channel at
threshold, n h, is equal to NaZave in our strong-inversion
model. The ermi level E lies below the bottom of the
two-dimensional well at the interface. Band bending from the
interface to the edge of the depletion region is the
difference between the potential of the conduction band in the
bulk, E /2 + bulk, and the potential at the interface, Ef.
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where n(z) is the channel carrier density.

We assume that the channel carrier density at threshold may be written

as

n(z) = nth 6[z - (d + a + Zave)) (4)

where nth is the channel carrier density at threshold and zave is the

average position of the channel charge in the two-dimensional (2-D)

channel. At threshold we require that the channel carrier density be

nth = Nazave (5)

Therefore, the charge density in the GaAs layer is

Pw(Z) = - qNa {I + Zave 6[z - (d + a + z ave)] (6)

Equation (5), for the channel carrier density at threshold, is

consistent with the strong-inversion definition of threshold in MOSFETs,

where strong inversion occurs when the density of electrons in the channel

is equal to the density of acceptors in the bulk. Our definition of strong

inversion in MODFETs is the 2-D analog of strong inversion in MOSFETs.

B. THRESHOLD VOLTAGE

The potential V across the structure may be derived in a convenient

form by solving Poisson's equation in the following way:

V(z) = Va(Z) + Vb(Z) (7)

where Va(z) is the solution to the homogeneous equation and Vb(z) is the

solution to the inhomogeneous equation with homogeneous boundary

conditions. The homogeneous equation yields

9



Va(z) = -(V1 - V2)(z - zl)/(z 2 - z1) + V1  (8)

;'here V1 is the potential at z1 and V2 is the potential at z2 . The

inhomogeneous equation may be solved to yield

z
Vb(Z) - [1/t(z2  - Z1)((z - z2) f (z' - z1 )o(z')dz' +

z 2  z1

(z - z 11 1 (z' - z2 )P(z,)dz'] (9)
z

where E is the permittivity. Therefore, the potential at any point z in

the structure may be written as

V(z) V1 - (V1 - V2)[z - zl)/(z2 - Zl)] -

z
[I/C(z 2 - z.H(z - z2) (z' - z1 )p(z')dz' +

z1

2

(z - z ) (z' - z2)p(z')dz'] (10)
z

We can obtain the field E at any position z by differentiating Eq. (10):

E(z) = (V1 - V2 )/(z2 - z1) + [1/c(z 2 - z1)[ f (z' - z7)
21

z2

p(z')dz' + 5 (z' - 22 )P(z')dz') (11)

Evaluating Eq. (11) from the gate to the interface and solving for the

potential at the gate yields

2.
1

VC  = ziE i  + Vi_ - (1/c) p p(z')z'dz' (12)
0

10



where VG is the potential at the gate and Ei is the field at the

interface. Evaluating Eq. (11) from the interface (d + a) to the edge of

the depletion layer (W + d + a) and solving for the potential at the edge

of the depletion layer yields

W+z.
VW = -WEi + Vi+ + (I/r) f 1 (z' - z2)P(z')dz' (13)

z.

where VW is the potential at the edge of the depletion layer relative to

the Fermi level. Subtracting Eq. (13) from Eq. (12) and solving for the

potential at the gate yields

VG = (W + zi)E i + (Vi_ - Vi+) + VW - (1/)

z. W+z.{f Pz')z'dz' + f (z' - (W + zi)]0(z')dz'} (14)
0 z

which upon evaluation of the last term may be simplified to yield

W+z.
VG =(Vi- - Vi+) + VW - (1/E) .f P (z')z'dz' (15)

0

where (Vi+ - Vi-) is the conduction band offset, and zi is equal to the sum

of the doped AlGaAs layer and the spacer layer, (d + a). The potential at.

the gate V. is the difference between the applied potential V and the

Schottky-barrier height at the gate om* Making these substitutions and

solving for the applied gate voltage at threshold Vth yields

d
V th + VW - (1/) [f od z dz +

0

d+a W+d+a
pa z dz + f pw(z) z dz] (16)

d d+a

where AE c is the conduction band offset at the AiGaAs/GaAs interface.

11



In this analysis the dielectric constants of GaAs and AlGaAs are taken

to be identical. The potential at the depletion layer edge VW is the

negative of the sum of the potential at the bottom of the conduction band

and the band bending from the interface to the depletion layer edge at

strong inversion, obb; i.e.,

VW = -(Er + Obb )  (17)

In the depletion layer approximation obb may be calculated by integrating

over the charge density from the depletion layer edge to the interface:

d+a z'

Obb = -(i/E) f f pw(z)dz dz' (18)
W+d+a W+d+a

Using Eq. (6) for the charge density in the GaAs region, the band bending

from the interface to the edge of the depletion layer is

Obb = (q/c)(NaW2/2)(1 - 2zave2/W2 ) (19)

Effecting the integrationis in Eq. (16), using Eqs. (1), (2), (6), and (19),

yields

Vth = m - AEc - Ef + (q/E) {-(Nd - Na)d 2/2 +

N aW(d + a) [1 +O(z ave/W)} (20)

for the threshold voltage where terms of order zave/W will be neglected.

In the typical triangular-well approximation with one subband, the

difference between the Fermi energy and the bottom of the 2-D well, at

threshold, can be shown to be'

Ef : - (kT/q)ln[exp(rh2 nth/mlkT) - 11 - E0  (21)

12



where k is the Boltzmann constant, T is absolute temperature, h is the

Planck constant divided by 2r, m, is the longitudinal effective mass of the

carriers, and E0 is the energy level of the subband.

At threshold the exponential may be expanded to yield

Ef m -(kT/q)In(l2nth/M1kT) - E0  (22)

The triangular-well approximation yields the following for the energy of

the first subband:

E0 = 9M2 /8m1)(4Eim 1 /2)
2/3  (23)

Integrating the charge density from the interface to the edge of the

depletion layer yields the field at the interface:

Ei = (q/c) {NaW[1 +O(z ave/W)]} (24)

where the terms of order zave/W will be ignored. The triangular-well

approximatin gives the following for the average channel width:

Z ave = 3/(4Eim 1 /IS2)
I1/3  (25

The depletion width may be determined from Eq. (19):

W = [2(e/q) bb/Na ]I1/2  (26)

The band bending *bb may be written in terms of the GaAs band gap, the bulk

potential *bulk' and the Fermi potential (see Fig. 1):

bb Eg/2 + obulk - Ef (27)

13



where E is the band gap of GaAs and obulk is the bulk potential in the
GaAs. The bulk potential can be calculated by invoking charge neutrality

in the bulk. For a p-type material of accepcor density Na, this yields

Obulk : (kT/q)ln(NA/n ) (28)

where ni is the intrinsic carrier density of GaAs (=1.79 106 cm-3 at room

temperature).

Equation (27) for band bending in MODFETs differs from that in MOSFETs

in which the band bending is twice the bulk potential. This difference is

due to the 2-D nature of the MODFET structure. To compare the band bending

in these two structures, we can write Eq. (27) in the following form:

b 2o +(Eulk /2 - obulk " Ef)/20bulk)] (29)

For high acceptor concentrations (=1017 cm-3 ) the MODFET band bending

exceeds the MOSFET band bending by less than 5%, whereas at low acceptor

densities (z1013 cm-3 ) the MODFET band bending is almost 40% greater. This

difference is reflected in the depletion layer width W. At high acceptor

concentrations the MODFET depletion layer is only about 2% larger than the

MOSFET depletion layer for the same doping densities. However, at low

acceptor concentrations the width of the MODFET depletion layer exceeds

that of the MOSFET depletion layer by =18%.

The substitution of Eqs. (22) through (28) into Eq. (20) yields a

threshold voltage that is a function of the geometric parameters d and a,

the donor density Nd, and the unintentional acceptor doping density Na.

14



Ill. THRESHOLD VOLTAGE VERSUS ACCEPTOR DENSITY

In Fig. 2 we show the threshold voltage versus the unintentional

acceptor concentration Na for an AlGaAs doping density Nd of 1 x 1018 cm
-3

for the structure shown in Fig. 1. The doped AlGaAs layer d is 400 A
wide, the spacer layer a is 30 A wide, and the GaAs layer is assumed to be

semi-infinite. We have isolated the relevant terms in Eq. (20) in order to

compare the contributions of each.

At low acceptor densities the threshold voltage is dominated by a

combination of (1) the constant term due to the difference between the

Schottky-barrier height and the conduction band offset (om - AE ); (2) the

contribution of channel charge to the Fermi energy, (kT/q)ln(r nth/mlkT);

and (3) the contribution of doped AIGaAs, -(Nd - Na)d2/2. The contribution

of the first quantum-level energy, E0 , and the contribution proportional to

the depletion layer width, NaW(d + a), are near zero at acceptor densities

below Z1014 cm-3.

As the acceptor density increases, all nonconstant contributions to

the threshold voltage increase. Even though the depletion layer width W

decreases with increasing acceptor concentration, the depletion layer

charge -qNaW increases, thereby increasing the contribution of the

depletion layer to the threshold voltage. As the field at the interface

increases as a result of increased charge in the depletion layer, the

energy level in the 2-D well also increases as the two-thirds power of the

depletion-layer charge, thus also contributing to an increase in the

threshold voltage.

Because the channel charge at threshold increases with the acceptor

density NaZave, this contribution also tends to increase the threshold

voltage. For all but the highest acceptor concentrations, the contribution

of the AlGaAs layer to the threshold voltage is relatively constant; only

at acceptor concentrations comparable to the donor density does this term

begin to increase appreciably.

15
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As seen in Fig. 2 for unintentional doping densities in the range

encountered for typical MBE growth conditions (1013 to 1015 cm- 3 ), the

threshold voltage can increase by as much as 200 mV over this range. At

doping densities above this range, the increase in the charge of the

depletion layer dominates the increase in the threshold voltage and the

threshold voltage rises rapidly.

We have measured the threshold voltage of structures having the

geometry cited above with a donor doping density of I x 1018 cm- 3 and an

acceptor doping density of 5 x 1014 cm-3 . The value of the threshold

voltage predicted by our strong-inversion model is -0.620 V (see Fig. 2).

This is in reasonable agreement with the measured values, which range from

-0.41 to -0.73 V. Variations in the measured values result from variations

in the width of the AlGaAs layer that arise from nonuniform processing.

The value of the width of the AlGaAs layer, 430 A, is a nominal value that
gives rise to the discrepancy between our calculated value and the measured

values.

17



IV. SUMMARY AND CONCLUSIONS

We have developed a strong-inversion model, in the depletion layer

approximation, of the threshold voltage for modulation doped field-effect

transistors (MODFETs). The threshold voltage is defined as the voltage at

which the channel charge density is equal to the acceptor density times the

average channel width. We have experimentally verified the model by

comparing predicted threshold voltages with those measured for typical

MBE-grown MODFET structures.

We isolate contributions to the threshold voltage that depend on (1)

the difference between the height of the Schottky barrier and the offset of

the conduction band, (2) the charge of the depletion layer, (3) the energy

of the first quantum level, (4) the charge in the 2-D channel, and (5) the

density of the AlGaAs donors. At low acceptor densities (below =1015

cm-3), the threshold voltage is dominated by the contribution of the AlGaAs

layer, the contribution of the channel charge, and the difference between

the height of the Schottky barrier and ,he conduction band offset.

In MODFETs the unintentional acceptor density is usually on the order

of 1013 to 1015 cm-3 and the channel width is on the order of 100 A . Even

for these apparently small acceptor densities, especially in comparison

with the typical AlGaAs donor densities of =10 -18 cm-3, we show that the

threshold voltage may increase by as much as 200 mV over this range of

acceptor densities. Above these acceptor densities the threshold voltage

increases rapidly as the charge of the depletion layer increases.

Increasing Nd, the donor density in the AIGaAs layer, would decrease

the contribution of AlGaAs to the threshold voltage, thereby offsetting any

threshold voltage increase that results from an increase in the uninten-

tional acceptor doping.

The formalism developed in Section II has been applied to the thres-

hold as defined by the strong inversion of the channel. This formalism is

by no means restricted to the description of the threshold alone. If one

19



were to proceed from the equation for the gate potential, Eq. (15), with

the assumption that the channel density ns is much larger than the

depletion layer charge NaW , the original charge-control results of

Delagebeaudeuf and Linh i would be recovered.
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